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This study aimed to isolate thermostable, alkaliphilic, and detergent-tolerant amylase-producing bacteria. Pure
isolates from environmental samples were screened on a starch-based medium (pH 11), and selected isolates
were identified using cultural and molecular techniques. Product optimization studies were conducted, and
secreted amylase was partially purified using 40% (w/v) saturation ammonium sulfate at 4 °C. The wash per-
formance of concentrated amylase was analyzed. A novel isolate, Paenibacillus lactis OPSA3, was selected for
further studies. The isolate produced amylase optimally when grown on banana peels and soybean extracts,
which are agro-wastes. Optimization by Response surface Methodology resulted in a 2.1-fold increase in alka-
liphilic amylase production. A 2.46-fold purification was achieved, with an enzyme activity yield of 79.53% and
specific activity of 26.19 Umg~. Wash performance analysis using the amylase supplemented with boiled
commercial detergent (kiln®) showed good cleaning efficiency. The amylase has the potential for application as
a component of green detergent.

1. Introduction

Alpha amylase (E.C 3.2.1.1) catalyzes the hydrolysis of a-D-(1,4)
glycosidic linkages in starch and related carbohydrates [1-3]. Amylases
are among the most important enzymes used commercially, accounting
for 25-33% of the world’s total industrial enzyme market [4,5]. The
hydrolytic action of amylases on starch is central to the industrial suc-
cess of many biotechnological processes like starch processing, paper
and pulp, textile, bioenergy, food, animal feed, detergent, fine chemicals
and pharmaceuticals [1,4,6,7]. The future market for amylases is quite
promising, with growing demands for processed foods, increased usage
of amylases as emulsifier substitutes and functional additives in foods
and beverages, and the detergent use of amylases as major drivers [8]. In
their detergent use, amylases rank, by volume and value, second only to
proteases [9,10], with application in dishwashing and in laundry, where
they improve cleaning efficiency by removing starch-based soils and
stains, such as sauces, pasta, potato, chocolate, custards and baby food,
ice-creams and gravy [1,11,12]. Amylase use in detergent formulations
is further reinforced by its full biodegradability, ensuring environmental
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safety [13,14]. Amylases also prevent swollen starch from adhering to
the surface of laundry and dishes that may otherwise act as a glue for
particulate soiling [15,16].

Detergent-compatible amylases must be alkaline pH-stable and
active, possess long shelf lives, display oxidative stability and be stable
and usable over a broad temperature range (e.g., 20-60 °C). It should
also retain activity in the presence of the detergent’s several other
chemical components, like proteases, surfactants, bleaching agents and
builders (calcium-chelating agents) (Paul et al., 2021; [17,18]). Bacte-
rial enzymes, especially those from members of the class Bacilli, are
often reported to possess the above qualities [13,19,20]. Members of the
widely distributed genus Paenibacillus are well known for their elabo-
ration of a wide range of biotechnologically relevant enzymes and
enzyme systems, several of which are well active and stable under
extreme environmental conditions, including those of pH and temper-
ature [21-25]. Unfortunately, only a few reports exist of research on the
detergent applicability of Paenibacillus sp. amylases [26-29].

One of the major challenges of the global enzyme industry is the high
cost of enzyme production, owing to several factors, including the high
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Table 1
Actual factor levels corresponding to coded factor levels for central composite
rotatable design of response surface methodology.

Variables Code Coded levels and their Actual Values
-a -1 0 +1 +a
Banana Peel (%) A 0.81821 1.5 2.5 3.5 418179
Spent Soybean Meal (%) B 0 0.1 0.3 0.5 0.636359
Temperature ( °C) C 41.5910 45 50 55 58.4090
Table 2

Thermophilic and alkalophilic bacterial isolates obtained from the samples.

Samples No of Isolates
Okpeye waste dump site soil (OPS) 10
Waste Paint dump Soil (PTS) 9
Garri/Cassava Processing waste soil (WPS) 12
Abattoir Waste Dumpsite soil (AWDS) 16
Salt lake Water (SLW) 6
Total 53
Table 3
Biochemical and morphological properties of OPSA3.
Test Property
Gram Staining +
Shape Rods
Catalase +
Oxidase +
Indole -
Methyl Red (MR) —
Voges-Proskauer(VP) +
Citrate -

Nitrate Reduction -
Motility 4

Enzymatic Reaction
Phenylalanine deaminase -
Casein Hydrolysis -

Sugar Fermentation
Xylose
Arabinose
Rhamnose
Glucose
Fructose
Galactose
Mannose
Trehalose
Sucrose
Lactose
Maltose

O S S I S

Starch
Mannitol
Glycerol

+ +

Keys: +=positive, - = negative.

cost of production of medium components [13]. An optimally consti-
tuted medium can engender marked increases in enzyme output and
significantly lower production costs [30]. These benefits are further
amplified when medium components come from cheap sources. Thus,
highly nutrient-dense and valuable agro-industrial wastes like banana,
cassava, potato peels, rice bran, and spent soybean meal can find use in
the fermentation industry as medium components [31,32]. This is
especially so in the enzyme industry, where increasing demands and
high production costs have engendered research into using eco-friendly,
low-cost, and easily available alternatives for enzyme production.
Because of the prominent influence of fermentation media design over
enzyme yield, agro-industrial wastes-based fermentation media must be
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optimized, alongside fermentation chemical and physical parameters,
like medium pH, incubation temperature, inoculum size, chemical in-
hibitors, metal ions, etc., for fermentation practicability and economy
[33,34]. Traditionally, fermentation process optimization had been
carried out by the one-factor-at-a-time (OFAT) methodology [35]. Due
to numerous shortcomings, chiefly its unsuitability for multifactor
optimization, and its failure to provide reliable information on opera-
tional variables’ interactions or enable accurate measurement of optimal
experimental conditions, time-wasting, and high costs, OFAT is no
longer popular. Statistical designs such as response surface methodology
(RSM), Plackett-Burhman factorial design, Box-Behnken design, Tagu-
chi experimental design approach, and central composite design (CCD),
enabling one-time optimization of all process parameters are now
preferred [36-38]. Several reports exist of successful RSM application,
with methodologies like the Box-Behnken design, Plackett-Burhman
factorial design, and central composite design (CCD), for process
parameter optimization and attainment of enhanced enzyme production
([34,39-41]; Paul et al., 2021). RSM has been applied successfully for
enhanced alpha-amylase production [4,42-46].

In the present study, we report the isolation and taxonomic identi-
fication of a high-titer and a detergent and surfactant stable alkaline
amylase producing bacterial strain from disposal sites of Nigerian
alkaline fermented condiment, okpeye. We also present the results of
optimization studies for detergent-stable alkaline amylase production in
submerged fermentation (SmF) using RSM and CCD. Finally, we char-
acterized the partially purified enzyme for some of its biochemical
properties, especially regarding its applicability in laundry detergent
formulations for the cleaning industry.

2. Materials and experimental methods
2.1. Agro-industrial waste materials

Brewery spent grains (BSG) were obtained from Nigerian Brewery
plc, 9th Mile Corner, Amah, Enugu State, Nigeria. Spent soybean meal,
banana, potato and cassava peels, and rice bran were obtained from
farmers and processors at Nsukka, in Enugu State, Nigeria. All agro-
industrial waste materials were dried in a hot air oven at 60 °C for 24
h, then blended and filtered using a 200 mesh screen to fine powders.

2.2. Bacterial isolation and screening for amylase production

Soil samples (1.0 g) were suspended and homogenized in sterile
distilled water (9 ml) before serial dilution. Aliquots (0.1 ml) of
appropriately diluted samples (10~* to 1077 dilutions) were spread-
plated on alkaline (pH 11.0) nutrient agar plates incubated, in an
inverted position, at 50 °C, for 72 h. Primary (qualitative) screening for
amylase production was with alkaline (pH 11.0) mineral salt starch
medium (AMSSA) [47]. Zones of hydrolysis around bacterial colonies,
observed after flooding with Gram’s iodine (2% (w/v) Iy and 0.2% (w/v)
KI) solution, were measured and colonies with the largest clearing were
selected. The secondary (quantitative) screening was by SmF. Bacterial
inocula, 1 ml (10° CFU/ml), prepared by growing isolates at 50 °C, with
shaking (150 rpm), to an absorbance (Aggg) of 0.15 (equivalent to 108
CFU/ml), were transferred into sterile alkaline (pH 11.0) mineral salts
broth (AMSSB), containing 3.0 g/L (w/) of starch. Growth was at 50 °C,
for 48 h, in agitated (150 rpm) culture conditions. Cell-free culture su-
pernatants, obtained after centrifugation (7800 x g, 15 min, at 25-32
°C), served as crude amylase. Isolates’ detergent survivability was
assayed according to Furmanczyk et al. [48], by growth on AMSSA with
varying concentrations (0-5 uM) of sodium dodecyl sulfate (SDS).

Stocks of the purified cultures, grown on alkaline (pH 11.0) nutrient
agar slants at 50 °C for 48 h, were preserved by storage in the fridge
(4 °Q).
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Fig. 1. Gel showing the size of PCR product (2a) and a hyper ladderl (2b).

TACATGCAAGTCGAGCGGACTTGATGGAGTGCTTGCTCTCCTGATGGTTAGCGGCGGACGGGTGAGTAAC
ACGTAGGCAACCTGCCCTCAAGACTGGGATAACTACCGGAAACGGTAGCTAATACCGGATAATTAAATTC
GCTGCATGGCGGATTTATGAAAGGCGGAGCAATCTGTCACTTGAGGATGGGCCTGCGGCGCATTAGCTAG
TTGGTGAGGTAACGGCTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGAACGGCCACACTGGGA
CTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGGCGAAAGCCTGACG
GAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGCCAGGGAAGAACGTCTCATA
GAGTAACTGCTATGAGAGTGACGGTACCTGAGAAGAAAGCCCCGGCTAACTACGTGCCAGCAGCCGCGGT
AATACGTAGGGGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTTCTTTAAGTCTG
GTGTTTAAACCCGAGGCTCAACTTCGGGACGCACTGGAAACTGGGGAACTTGAGTGCAGAAGAGGAGAGT
GGAATTCCACGTGTAGCGGTGAAATGCGTAGATATGTGGAGGAACACCAGTGGCGAAGGCGACTCTCTGG
GCTGTAACTGACGCTGAGGCGCGAAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCG
TAAACGATGAATGCTAGGTGTTAGGGGTTTCGATACCCTTGGTGCCGAAGTTAACACATTAAGCATTCCG
CCTGGGGAGTACGGTCGCAAGACTGAAACTCAAAGGAATTGACGGGGACCCGCACAAGCAGTGGAGTATG
TGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAAGTCTTGACATCCCTCTGAATCCTCTAGAGATAGA
GGCGGCCTTCGGGACAGAGGAGACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTT
AAGTCCCGCAACGAGCGCAACCCTTGATCTTAGTTGCCAGCACTTCGGGTGGGCACTCTAAGGTGACTGC
CGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATGACTTGGGCTACACACG
TACTACAATGGCTGGTACAACGGGAAGCGAAGCCGCGAGGTGGAGCCAATCCTAAAAAGCCAGTCTCAGT
TCGGATTGCAGGCTGCAACTCGCCTGCATGAAGTCGGAATTGCTAGTAATCGCGGATCAGCATGCCGCGG
TGAATACGTTCCCGGGTCTTGTACACACCGCCCGTCACACCACGAGAGTTTACAACACCCGAAGTCGGTG
GGGTAACCCTTACGGGAGCCAGCCGCCGAA

Fig. 2. The 16S rRNA sequence of the selected isolate, OPSA3 (1430 bp).

2.3. Microorganism and taxonomic study

Bacterial identification was detected by the (a) study of its pheno-
typic characteristics [49,50]; and (b) sequencing of the bacterial 16S
rRNA gene. For the sequencing analysis, bacterial genomic DNA was
isolated using the ZR fungal/bacterial DNA miniprep® kit (ZymoR-
esearch as cat number: D6005) outlined by the kit manufacturer. PCR
was performed for 30 cycles, each consisting of a 30 s denaturation step
at 94 °C, a 90 s annealing step between 56 °C, and a 90 s extension step
at 72 °C. Initial denaturation was at 94 °C for 5 min. The bacterial
universal oligonucleotide primer universal oligonucleotide primers with
the sequences; 27F: (5' -AGAGTTTGATCMTGGCTCAG- 3) and 1525R:
(5" - AAGGAGGTGWTCCARCCGCA- 3'), were used. PCR products were
purified and directly used for DNA sequencing on 3130 Genetic Analyzer
(Applied Biosystem, Switzerland). The deduced sequence was subjected
to the BLAST search tool from the National Center of Biotechnology,
Bethesda, MD (http://www.ncbi.nlm.nih.gov) to retrieve the

homologous sequences in GenBank. The above sequences can be
retrieved from the GenBank using accession number MW600272.

2.3.1. Phylogenetic analysis

Gene sequence data were aligned with reference sequences from the
NCBI database using the multiple sequence alignment program, MEGA X
[51-53]. The construction of phylogenetic trees was by distance
matrix-based cluster algorithms, viz. unweighted pair group method
with averages (UPGMA), neighbor-joining, maximum likelihood, and
maximum-parsimony analysis as described elsewhere [51]. All ambig-
uous positions were removed for the sequence pair. The stability of trees
obtained from the above cluster analysis was assessed using the
BOOTSTRAP program in sets of 1000 re-samplings (MEGA 4).

2.4. Amylase production studies

The effects of process parameters on alkaline amylase production in
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Fig. 3. Phylogenetic relationship of strain OPSA3 to other closely related strains of Paenibacillus lactis and species of Paenibacillus.

submerged fermentation (SmF) were studied. Fermentation medium
comprised of (g/1): carbon sources, 25.0; spent soybean meal, 6.0;
NaNOs, 5.0; KHyPO4, 1.0; MgSO4. 7H20, 0.5; NaCl, 0.5; CaCly, 0.01, and
KCl, 0.5. Medium pH was adjusted to 11.0. Sterile medium (50 ml) in
250 ml Erlenmeyer flask was inoculated with 24 h nutrient broth culture
of isolate (adjusted to 10% CFU/ml) and incubated in a rotary shaker at
50 °C and 150 rpm for 72 h. Samples were collected every 6 h for
analysis. For the effects of C-sources (2.5% (w/v)), brewery spent grain,
banana peels, potato peels, rice bran, cassava peels, and soluble starch
were studied. For inorganic nitrogen sources, (NH4)2SO4 and NH4NOs,
as well as NaNOs, were studied. Cow blood meal, yeast extract, malt
extract and soybean meal comprised the organic nitrogen sources
investigated.

2.4.1. Estimation of amylase activity

The reducing sugars released by crude amylase (0.5 ml) action on
1.0% (w/v) soluble starch (0.5 ml, in 50 mM glycine-NaOH buffer, pH
9.0), at 50 °C, for 10 min was measured using 3,5-dinitrosalicylic acid
(DNS) reagent [54]. The absorbance determination was at 540 nm

against an enzyme blank. One unit of amylase activity was defined as
any amount of enzyme releasing 1 umol of glucose equivalent per
minute from soluble starch under assay conditions. All assays were
performed in triplicates.

2.4.2. Estimation of protein
Protein was determined according to the Lowry et al. [55] method
using BSA (bovine serum albumin) as standard.

2.5. Statistical optimization

Levels of the significant parameters and the effects of interactions
among the fermentation medium’s various constituents, which signifi-
cantly influenced amylase production, were analyzed and optimized by
RSM. A five-level central composite design (CCD) (-, —1, 0, +1 and +a)
was used (Table 1) was used to study the optimum concentration and
interactions of significant process (independent) variables, including (i)
concentration (% w/v) of C-source (X1); (ii) concentration (% w/v) of N-
sources (X2); (iii) temperature ( °C) of growth (X3). Using the Minitab
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Fig. 4. Effect of C-source on time-course of amylase production by isolate P. lactis OPSA3.
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Fig. 5. Effect of inorganic N-source on time-course of amylase production by isolate P. lactis OPS A3.

17 Statistical Software® (Minitab Inc., PA, USA), a set of 20 randomized
experiments was generated and run in triplicates. The average enzyme
activity values were taken as the dependent variable or response/output.
Fermentation was under agitated culture conditions (150 rpm) for 48 h.

2.5.1. Statistical analysis and modeling

CCD data were subjected to analysis of variance (ANOVA) and
multiple regression analysis, performed by fitting first order polynomial
equations, including individual and cross effect of each variable. The
result (Eq. (1)) was an empirical model relating response measured in
the independent variable to the experiment. The model equation was:

Y = By + B\ X, + B:Xs + B3X5 + ByXi X + BsX\ X5 + BeXo X3 + B7 X}
+ByX + BoX; M

where, BO-B9 are the regression coefficients of the respective variables
and interaction terms computed from the observed experimental values
of measured response. X1-X3 are the codes for independent variables.
The measured responses, Y = amylase activity (U/ml), with constrains

applied are described in Table 2.1. Responses of variables were analyzed
by three-dimensional plots.

2.5.2. Validation of the experimental model

The optimized condition achieved during RSM was adopted to design
a ten (10) run validation experiment. Enzyme production was carried
out under conditions (medium C- and N-source concentrations) pre-
dicted by the model to give optimal enzyme production. Fermentation
was carried out at different temperatures (45 °C, 50 °C and 55 °C), for
48 h, at 150 rpm. Samples were collected and amylase determined as
earlier described.

2.6. Production and partial purification of amylase

Amylase was produced in batch SmF in the RSM-optimized medium,
composed of 25.0 g/L banana peel and 6.0 g/1 spent soybean meal at
50 °C, pH 11.0. All other cultivation conditions were as previously
described. Cell-free supernatant, prepared by centrifugation (7800 x g,
15 min, 25-30 °C) of 48 h post-inoculation culture, served as the crude
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Fig. 6. Effect of organic N-source on time-course of amylase production by
isolate P. lactis OPS A3.

enzyme. Solid ammonium sulfate was added, slowly and with gentle
stirring, to 1000 ml of the cell-free supernatant, at 4 °C to attain 40% (w/
v) saturation. The precipitated protein, dissolved in a minimal volume of
20 mM sodium phosphate buffer (pH 8.0), was dialysed extensively, 16
h, at 4 °C, against distilled water to remove the salt [56].

2.7. Analysis of amylase compatibility with commercial laundry
detergents and wash performance

The wash performance analyses of the concentrated amylase were
according to Bhange et al. [13] and Dahiya and Rathi [20]. Stain
removal ability was assessed using white cotton cloth (6 cm x 6 cm)
soiled with tomato ketchup (100 pl) and dried overnight at room tem-
perature and in an oven (60 °C) for two h to enable firm attachment of
the stain to the fabric. Stained cloth pieces were subjected to washing, in
a shaker (200 rpm), at 50 °C, for 1 h, using four different wash treat-
ments, as follows: water only (treatment 1); water and boiled detergent
(Klin®) (7 mg/ml) (treatment 2); water and amylase (treatment 3); and,
water with commercial boiled detergent (Klin®) (7 mg/ml)

Table 4

Biotechnology Reports 39 (2023) e00808

supplemented with 1 ml of partially purified amylase (treatment 4).
After treatment, the clothes were rinsed in clean water (20 ml) before
drying (1 h, 25-30 °C). Untreated cloth pieces stained with tomato
ketchup served as control. Cleaning performance was visually observed,
and then pictures were taken.

3. Results and discussion
3.1. Isolation, screening and identification

Thermophilic and alkalophilic bacteria can be isolated from different
parts of the environment. From the various samples collected, 53
distinct bacteria colonies were isolated (Table 2). The amylase screening
on starch agar plates confirmed that most isolates were amylase pro-
ducers. Based on the diameter of starch hydrolysis on the agar plates, ten
isolates were selected and tested for the ability to secrete amylase in
submerged culture. Seven of these were isolated from okpeye waste
dumpsite soil. OPSA3 produced the highest amylase (45.78 + 2.67 U/
ml), followed by OPSA4 with an amylase yield of 35.10 + 1.22 U/ml.
Further analysis showed that OPSA3 exhibited a higher tolerance (2.0
pM) to detergent (SDS) than the others from different environmental
sources. Based on the highest amylase secretion and tolerance to SDS,
OPSA3 was selected for further studies.

OPSA3 is a Gram-positive, spore-forming, motile, rod-shaped, cata-
lase-positive and oxidase positive vegetative cell (Table 3). On nutrient
agar, it presented as transparent to milky, extensively branched colonies
with tip-splitting. On starch agar plates, the colonies were slightly
elevated, smooth, and whitish, with irregular margins. It grew luxuri-
antly on nutrient and starch agar at 50 °C and pH 11.0. OPSA3 was
positive for VP but negative for MR, nitrate reductase, citrate utilization
and indole production tests. It utilized starch and a range of sugars.

PCR amplification of strain OPSA3’s 16S rRNA gene generated a
unique band on the gel (Fig. 1) of 1425 bp (Fig. 2). The 16S rRNA-based
phylogenetic analysis of OPSA3 shows that this isolate shared 94.5%
with Paenibacillus lactis. Isolate OPSA3 probably represents a new
strain of P. lactis. Its 16S rRNA gene sequence has been registered in the
NCBI Genbank, with accession number MW600272. A 16SrRNA-based
phylogenetic tree reflecting the relatedness of P. lactis OPSA3 to other
Paenibacillus species and sister P. lactis strains is shown in Fig. 3. Like
many other members of the Firmicutes Class Bacilli, members of the
genus Paenibacillus have been isolated from a confoundingly wide va-
riety of environmental niches, including different types of soils [57-61],

Actual and predicted values of amylase activity with the experimental runs obtained through CCD based RSM.

Run Std. Pt. Banana Peel (% Spent Soybean Meal (% Temperature ( Predicted Amylase Activity Actual Amylase Activity
Order Order Type w/v) w/v) °C) (U/ml) (U/ml)

1 6 3.50 0.10 55.00 64.03 56.43+2.65
2 8 1 3.50 0.50 55.00 99.22 94.41+3.09
3 1 1 1.50 0.10 45.00 28.73 21.57+1.29
4 3 1 1.50 0.50 45.00 33.41 29.05+1.77
5 7 1.50 0.50 55.00 25.58 17.34+0.66
6 10 -1 4.18 0.30 50.00 77.84 84.91+0.66
7 9 -1 0.81 0.30 50.00 0.03 0.83+0.00

8 4 1 3.50 0.50 45.00 88.59 83.15+2.43
9 16 0 2.50 0.30 50.00 96.62 92.64+1.77
10 5 1 1.50 0.10 55.00 15.91 9.39+1.99
11 15 0 2.50 0.30 50.00 96.62 89.55+0.88
12 18 0 2.50 0.30 50.00 96.62 102.14+0.22
13 17 0 2.50 0.30 50.00 96.62 86.46+0.44
14 19 0 2.50 0.30 50.00 96.62 103.02+0.22
15 11 -1 2.50 0.00 50.00 61.67 70.78+1.55
16 20 0 2.50 0.30 50.00 96.62 103.01+0.21
17 12 -1 2.50 0.63 50.00 95.19 103.02+1.99
18 14 -1 2.50 0.30 58.40 49.12 59.52+1.77
19 2 1 3.50 0.10 45.00 58.39 54.66+1.33
20 13 -1 2.50 0.30 41.59 50.99 57.53+3.32
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Table 5

Analysis of Variance (ANOVA) generated by response surface full quadratic model for optimization of amylase production.
Source DF Adj SS Adj MS F-Value P-Value
Model 9 21,045.6 2338.40 22.73 0.000
Linear 3 10,469.2 3489.74 33.93 0.000
Banana Peel 1 9108.4 9108.45 88.55 0.000
Spent Soybean Meal 1 1356.6 1356.64 13.19 0.005
Temperature 1 4.1 4.13 0.04 0.845
Square 3 10,067.9 3355.95 32.62 0.000
Banana Peel* Banana Peel 1 6972.5 6972.49 67.78 0.000
Spent Soybean Meal* Spent Soybean Meal 1 595.8 595.81 5.79 0.037
Temperature* Temperature 1 3905.4 3905.42 37.97 0.000
2-Way Interaction 3 508.6 169.52 1.65 0.240
Banana Peel* Spent Soybean Meal 1 325.8 325.78 3.17 0.105
Banana Peel* Temperature 1 170.4 170.37 1.66 0.227
Spent Soybean Meal* Temperature 1 12.4 12.42 0.12 0.735
Error 10 1028.6 102.86
Lack-of-Fit 5 748.7 149.73 2.67 0.152
Pure Error 5 280.0 56.00
Total 19 22,074.3

R? - 95.34%.

compost [62], fermented soybeans [63,62], Spanish style green olive
fermentation [64], alcohol fermentation [21] and Pu’er tea fermenta-
tion [65]. Several members of the genus promote crop growth directly
through biological nitrogen fixation, phosphate solubilization,
indole-3-acetic acid (IAA) production, and the release of siderophores
that enable iron acquisition [66]. The association of this species with the
production of plant growth-promoting traits (such as phosphorus solu-
bilization) [67,68] and the isolation of Paenibacillus prosopidis, a
related member of the genus, from root nodules of a plant relative of P.
africana, Prosopis farcta (Syrian mesquite) [69], indicates the possibility
that P. lactis may constitute a part in P. africana’s natural microbiome.
This probably also explains its presence in and isolation from okpeye
waste dumpsite in this study.

Paenibacillus contains some of the best-known carbohydrate-active
enzyme (CAZyme)-producing bacteria, like P. polymyxa, P. amylolyti-
cus and Paenibacillus thiaminolyticus [70-73]. Despite previous reports
of amylase production by Paenibacillus species, the current one, to the
best of our knowledge, is the first to associate a strain of P. lactis with
some extracellular amylase production.

Okpeye fermentation, like that of the other traditional fermented
protein seeds (e.g., daddawa, ugba, etc.), is essentially alkaline,
involving mostly members of the Firmicutes, especially of the class
Bacilli, often resulting in products with pH > 8.5 [74]. Alkaline vege-
table protein seed fermentations have, thus, served as good sources for
the isolation of alkaliphilic thermophilic bacteria. P. polymyxa (the
Paenibacillus type species), an alkaliphilic and thermophilic member,
has previously been isolated from ogiri (Citrullus vulgaris) fermentation
[75,76]. The thermophilic and alkaliphilic nature of P. lactis OPSA3
from wastes of the alkaline fermented okpeye corresponds with previous
isolations of alkaliphilic and thermophilic bacteria of the Class Bacilli (e.
g. B. subtillis natto [77], B. amyloliquefasciens [78], B. circulans [79,
80], Brevibacillus bortelensis [81,82] from alkaline fermented vegetable
seed proteins.

3.2. Production studies

Medium components are important determinants of enzyme pro-
ductivity by bacteria [40]. Under SmF conditions, P. lactis OPSA3 pro-
duced amylases using cheap agro-industrial wastes, banana peel and
soybean meal as carbon and nitrogen sources, respectively, at 50 °C. The
C-source remarkably influenced amylase production by the P. lactis
OPSA3 (Fig. 4), with banana peel eliciting the highest amylase yield
(52.45 £+ 0.50 U/ml) compared to potato peel (45.35 + 0.24 U/ml),
cassava peel (41.38+£1.26 U/ml), brewery spent grain (11.91+0.45

U/ml), and rice bran (9.96+0.51 U/ml). Maximum amylase elaboration
with banana occurred after 48 h of growth. All inorganic N-sources
supported amylase production (Fig. 5), although enzyme synthesis was
significantly (p < 0.05) affected by the nature of the inorganic nitrogen
source. NaNOg elicited the highest amylase production (26.92+0.89
U/ml), followed by ammonium nitrate (16.13+0.19 U/ml). (NH4)2SO4
gave the lowest amylase yield (14.15+0.74 U/ml). Amylase activity was
detectable after only 12 h of fermentation, irrespective of the inorganic
N-source used. The inorganic N source led to a variation of the optimum
production time (p < 0.05), especially with NaNOs, with peak enzyme
activity attained after 48 h. The nature of the organic nitrogen source
was also a significant (p < 0.05) determinant of enzyme production
level, with peak amylase activity (71.784+0.12 U/ml) achieved using
spent soybean meal (Fig. 6). Similar to C- and inorganic N-sources, the
organic N- source significantly influenced (p < 0.05) the time-course
profile of amylase production by P. lactis OPS A3. The peak amylase
production was attained after 42, 24, 24, and 30 h of fermentation with
spent soymeal, cow blood meal, and yeast extract, respectively.

Many studies have reported using expensive carbon and nitrogen
sources (e.g., malt extract, yeast extract, beef extract) in the formulation
of media for industrial amylase production [41,83,84]. Using inexpen-
sive, renewable media components to produce industrial microbial en-
zymes will ensure that production processes are much more sustainable
and cost-effective. Successful production of amylase by Paenibacillus
lactis OPSA3, while growing on cheap agricultural waste resources,
strongly agrees with the results of other studies [85-88], reporting
successful use of agricultural waste materials (banana peel, cassava peel,
spent grain, potato peel, rice bran, wheat bran) in fermentation media
formulation for microbial enzyme and metabolite production. Further-
more, because these agricultural waste materials are often common
pollutants, being frequently discarded wrongfully in the environment,
their successful use in industrial fermentation media formulations could
contribute markedly to environmental sustainability [85].

3.3. Statistical optimization

Appropriate designing of fermentation media is vitally central to the
optimal performance and commercial success of industrial fermentation
processes [89,40]. Preference for the use of RSM, over conventional
experimental approaches, in media optimization, for enzyme production
stems from two critical factors, the first being the latters’ need for
numerous separate experiments to determine the influence of each
factor on enzyme production. The second factor is the inability of con-
ventional methods to provide information on the effects of media factor
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Fig. 7. Contour plots of alkaline amylase production by Paenibacillus lactis strain OPSA3.

interactions on enzyme production. Based on the results of initial
screening processes, the importance of three test variables, banana peel,
spent soybean meal and temperature, on alkaline amylase production by
P. lactis, we proceeded to optimize these parameters using RSM
involving central composite design (CCD) as represented in Table 4.
Multiple regression analysis was used to analyze the data; thus, a
polynomial equation that best expresses the nature of the relationship
existing between Paenibacillus lactis OPSA3 alkaline amylase produc-
tion and the studied factors was derived from a regression analysis as
follows:

including T (temperature, °C), BP (concentration,% w/v of banana
peel), and SSM (concentration,% w/v of spent soybean meal), with all
their pair-wise interactions, significantly (p < 0.05) influenced alkaline
amylase production. Banana peel and spent soybean meal concentra-
tions and temperature positively influenced (p < 0.05) amylase devel-
opment, as did each of their 2-way interactions. On the other hand, each
of the variables’ respective squares negatively impacted enzyme pro-
duction (p < 0.05).

The significance of each regression coefficient was evaluated statis-
tically using ANOVA (Table 5). The P-value for the model and “lack-of-

AA (U /ml) = —1617 + 80.1 BP + 4 SSM + 63.1T — 22BP* — 160.7SSM* — 0.658T> + 31.9(BP x SSM) + 0.923(BP  T) + 1.25(SSM * T) 2

where, AA is alkaline amylase, BP and SSM represent the concentrations
(g) of banana peel and spent soybean meal, respectively, and T refers to
fermentation temperature ( °C).

From the Eq. (2), it is quite apparent that all the terms of the model,

fit” values were 0.00 and 0.152, respectively, suggesting a good fit be-
tween obtained experimental data and the statistical model. The
observed R2 value for the multiple correlations for observed/actual
alkaline amylase activity indicates that the fitted model can explain
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Table 6
Actual and predicted values of amylase activity (U/ml) with the experimental run obtained through RSM based validation experiment.

Exp. No Banana Peel (%w/v) Spent Soybean Meal (%w/v) Temperature ( °C) Predicted (U/ml) Observed (Actual) (U/ml)

1 4.0 0.4 45 70.57 78.47+8.41

2 2.5 0.5 50 100.16 93.92+5.26

3 2.5 0.6 45 79.32 80.67+5.26

4 2.0 0.4 50 79.99 82.88+2.10

5 3.0 0.5 50 110.76 118.21+2.10

6 2.5 0.5 45 83.00 85.99+7.79

7 2.5 0.5 55 84.39 78.46+2.10

8 1.5 0.5 50 45.96 32.09+5.26

9 4.0 0.3 50 85.87 85.09+5.26

10 3.0 0.1 55 68.49 69.63+6.31
95.34% of the total variation. This strongly vouches for the adequacy of surface plots (Fig. 8).
the model. Three-dimensional surface and contour plots graphically present the

Response surface curves were plotted to determine the interaction regression equation and facilitate understanding of the interactions of

effects and optimal levels of the variables, including contour (Fig. 7) and independent variables while helping to locate the optimum level of each
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Table 7

Biotechnology Reports 39 (2023) e00808

Summary of the partial purification of alkaline amylase of Paenibacillus lactis OPSA3.

Specific activity (U/mg) Purification fold Activity yield (%)

Purification Total activity (U) Total protein (mg)
Crude (cell-free) extract 111.29 10.48
Dialysate enzyme 88.52 3.38

10.62 1.00
26.19 2.46

100.00
79.53

variable for maximum response [90]. The surface and contour plots
showed the response for the interactive factors of banana peel, spent
soybean meal and temperature when the other medium components,
including mineral salts, inorganic nitrogen source, incubation time, pH,
and inoculum concentration, were kept constant. All three response
surface plots were convex-shaped, indicating well-defined optimum
variables [91]. Similarly, all three contour plots were elliptically shaped,
showing strong evidence of interactions between the different variables
[92]. Increasing banana peel and spent soybean meal concentrations to
3% and 0.5%, respectively, and keeping fermentation temperature at
50 °C were optimal for alkaline amylase production. Above these con-
centrations, a reduction in enzyme production was observed. Overall,
statistical optimization of the above process variables, using RSM,
resulted in 2.1 folds more alkaline amylase production by P. lactis
OPSA3. This value was higher than the corresponding value of 0.84-fold
reported for Bacillus subtilis PF1 amylase by Bhange et al. [13] after
RSM optimization of a medium consisting of agro-industrial waste
materials.

The calculations projected enzyme production by P. lactis OPSA3 to
be highest in culture medium containing banana peel and spent soybean
meal at 3.0 and 0.5% (w/V), respectively, at 50 °C. Model validation
results (Table 6) show that the predicted values for alkaline amylase

a b

were in good agreement with values obtained in the optimized medium.
This optimized condition improved alkaline amylase production from
56.29+1.83 U/ml to 118.21+2.10 U/ml.

3.4. Partial purification of amylase

The amylase was partially purified from crude enzyme by ammo-
nium sulfate precipitation. An approximately 2.5 purification fold with a
yield in enzyme activity of 79.53% and a specific activity of 52.38 U/mg
was recorded. The partial purification results have been summarized
(Table 7). These results are higher than the 1.86 purification fold, 9.33
U/mg specific activity and 63.00% yield recorded by Obafemi et al. [93]
using amylase from Aspergillus niger. Almost similarly, Bhaskara Rao
et al. [94] reported a partially purified amylase from Bacillus sp. marini
that exhibited a specific activity of 0.016 U/ml/mg which corresponds
to 2.66 purification fold and 70.5% yield. Tallapragada et al. [95] re-
ported 6.46 fold purification and a specific activity of 0.446 U/mg using
(NH4)2S04 precipitation 60% saturation for an amylase of Monascus
sanguineus. Another study, using the alpha amylase of Bacillus subtilis
(MTCC 121), reported approximately 3-fold increase in specific activity
compared to the crude [96].

amylase from Paenibacillus lactis strain OPSA3
in the presence of the commercial detergent,
Klin®. (a) Cloth stained with tomato ketchup

d Fig. 9. Washing performance evaluation of the

washed with tap water; (b) tomato ketchup-
stained cloth washed with tap water and
boiled klin detergent (7 mg/mL), (c) tomato
ketchup-stained cloth washed with tap water
and partially purified amylase, (d) tomato
ketchup-stained cloth washed with tap water,
boiled klin detergent and partially purified
amylase I: untreated cloths (control) and II:
treated cloths.

11

Water only

detergent amylase

Water and boiled Water and

Water, boiled
detergent and
amylase
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3.5. Wash performance analysis

A mixture consisting of water, P. lactis OPSA3 alkaline amylase and
boiled commercial detergent removed the stain from ketchup-stained
cotton fabrics the most, compared to water alone, water plus boiled
detergent, or only water plus amylase (Fig. 9). From the pictures, it is
evident that treatment with P. lactis OPSA3 alkaline amylase enhanced
the cleaning efficiency of the boiled detergent. Dahiya and Rathi [20]
reported similar enhancement of fabric cleansing properties (potato
curry stains) of detergents by bacterial amylases from Bacillus lichen-
iformis MTCC1483. In the current study, our results indicate the
compatibility of P. lactis OPSA3 alkaline amylase with commercial de-
tergents of varying formulations. This finding highlights a strong po-
tential for the future application of P. lactis OPSA3 alkaline amylase as
an additive in laundry detergent formulations.

4. Conclusion

This study reports the successful isolation and characterization of
Paenibacillus lactis OPSA3, a novel alkalophilic bacterium secreting a
thermophilic, detergent-stable, alkaline amylase from okpeye waste
dumpsite soil. Alkaline amylase production by P. lactis OPSA3 was
markedly dependent on the carbon and nitrogen source in the fermen-
tation medium. However, using cheap, locally abundant agro-waste
material in medium formulation elicited the highest alkaline amylase
production, highlighting its immense potential in fermentation medium
formulation for sustainable and economical industrial bioprocessing.
Optimization of process parameters with RSM, including experimental
design, regression and model generation, resulted in an optimized me-
dium with 110% more alkaline amylase yield from P. lactis OPSA3.
Wash performance analysis confirmed P. lactis OPSA3 alkaline amylase
as detergent-stable, enhancing the cleansing ability of various com-
mercial laundry detergents. The results of this study make a case for the
future laundry detergent application of P. lactis OPSA3 alkaline
amylase.
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